Laser-induced forward transfer is a direct-write process suitable for high precision 3D printing of several materials. However, the driving forces related to the ejection mechanism of the donor material are still under debate. To gain further insights into the ejection dynamics, this article presents results of a series of imaging experiments of the release process of nanosecond LIFT of a 200 nm thick gold donor layer. Images were obtained using a setup which consists of two dual-shutter cameras. Both cameras were combined with a 50× long-distance microscope and used to capture coaxial and side-view images of the ejection process. Bright field illumination of the scene was accomplished by a 6 ns dual-cavity laser source. For laser fluence just above the transfer threshold of 140 mJ/cm 2 , the formation of a jet and the subsequent release of a single droplet is observed. The droplet diameter is estimated to be about 2 µm. For laser fluences above 400 mJ/cm 2 the formation and rupture of a blistering bubble is observed, which ultimately leads to an undesirable ejection of multiple droplets.
Introduction
Laser-induced forward transfer (LIFT) is a 3D directwrite method suitable for precision printing of various materials. The process has been demonstrated first in 1986 by Bohandy et al [1] . The process consists of a transparent carrier which is precoated with a thin layer of the material of choice to be transferred, see Fig. 1 . The ejection process is initiated by a single laser pulse, with typical pulse durations in the order of nano-to femtoseconds. Depending on the experimental conditions, stress relaxation and/or partial vaporization of the donor layer results in ejection of the molten donor material and subsequent deposition on a receiving substrate. Size and morphology of the deposits depend on the laser fluence applied, indicating that several physical processes determine the ejection process. Applications of LIFT of thin metal layers include metal filling of 3D-etched Through Silicon Vias (TSVs) and deposition of 2D metal conducting tracks in the semiconductor industry [2] . These applications directly benefit from the advantages of LIFT being a maskless, solvent-free deposition process, which can be performed in ambient atmosphere at room temperature without the use of any (wet) chemicals.
However, the LIFT process still suffers from uncontrolled contamination (deposits) on the receiving substrate. In order to gain further insights and to achieve an in-depth understanding of LIFT, time-resolved images of the ejection have been studied. Unfortunately, time-resolved visualization of the ejection has been achieved only for relatively thick liquid-film [3] [4] [5] and solid-phase [6] or paste [7, 8] transfer processes. Other observations of LIFT processes of pure metal donors, such as Au [9] , Ni [10] and Cr [11] did not achieve sufficient spatial resolutions to trace the process in detail. However, imaging studies on copper indicate different ejection mechanisms for nanosecond [12] and picosecond LIFT [13] using laser fluences just above the transfer threshold. Recent publications captured the ejection process of femtosecond LIFT of Au [14] , for a layer thickness of 60 nm. It was found that, for laser fluence levels just above the transfer threshold, the donor layer is molten and deforms into a liquid jet. It has been shown, that for donor layers with a thickness of 200 nm, the ejection dynamics of picosecond LIFT are significantly different from prior observations, as multiple ejection regimes have been observed [15, 16] . This article presents further experimental results of LIFT of 200 nm gold using a nanosecond laser source. In section 2, a brief description of the experimental setup is presented. In section 3, fluence-resolved image sequences composed of side and coaxial views are discussed. In addition, time-resolved images of the low fluence regime are analyzed to obtain the number and angle of the ejected droplets. Figure 1 shows a schematic drawing of the experimental LIFT setup. LIFT experiments were performed using a 6 ns, frequency doubled Nd:YAG laser source emitting at a central wavelength of 532 nm. The laser was focused onto the carrier-donor-interface using a 50x longworking distance objective. The laser spot size (1/e 2 ) was measured to be 10±1µm. The laser fluence applied during the experiments are expressed in terms of average fluence values [17] . Extra-white soda lime glass was used as a carrier substrate. This carrier was precoated with a 200 nm thick layer of gold, using magnetron sputtering with a sputter rate of 23 nm/m. Two 10x microscope objectives were placed in the LIFT beam path to control the beam divergence and thereby align the focal plane of the LIFT laser beam with the imaging plane of the coaxial imaging setup.
Experimental methods
High-resolution images of the LIFT ejection process were captured from two perspectives and at two different time instances. Therefore, cameras (referred as "dual-shot camera") that can be triggered to capture two sequential images separated with a time delay of 500 ns, are used. First, side view images were recorded using a combination of such a dual-shot camera and a dual-cavity nanosecond laser source, for strobe illumination. In particular, a frequency doubled Nd:YAG laser with a pulse duration of 6 ns and a wavelength of 532 nm was used as a stroboscopic illumination source. In order to increase the contrast and to avoid interference effects, a fluorescent diffuser was placed in the beam path of the strobe laser. The mean wavelength emitted by the diffuser is specified to be 577 nm. The required spatial resolution was achieved by a combination of a 50x long-working distance objective and a 200 mm tube lens. To suppress light from the LIFT laser source entering the camera, a long-pass filter was placed in the infinite pass of the microscope setup. For the coaxial view of the ejection process, the optical axis of the second dual-shot camera was aligned with the LIFT beam path. The images were obtained using a 50x long working distance objective, which was also used to co-axially focus the LIFT laser beam onto the carrier-donor-interface. Also this objective was combined with a 200 mm infinite corrected tube lens, that was mounted to the camera. Any reflection of the focused LIFT laser beam, was suppressed using a long-pass filter. To ensure a minimal temporal jitter, the coaxial and the side view cameras share one strobe source. The temporal control of all components was achieved using a BNC pulse delay generator. The temporal jitter of the LIFT laser with respect to the strobe source, was estimated to be less than 10 ns. By combining the dual-shot camera with the dual-cavity strobe illumination source, each ejection event was captured twice (referred to in the following as image A and B) with a temporal delay between the images of 500 ns. Figure 2 shows the ejection process obtained at difference laser fluence values. Starting from a fluence level of 100 mJ/cm 2 , just below the transfer threshold fluence of 140 mJ/cm 2 , the laser fluence was increased up to 540 mJ/cm 2 . Each ejection was captured at two time instances (300 ns and 800 ns) after the start of the LIFT laser pulse, indicated by the A-and B-images in Fig. 2 . Both, top (coaxial) view and side view images of the donor layer are shown. Below the threshold fluence of 140 mJ/cm 2 indicated by figures (a) and (b) no ejection is observed. Instead, a re-solidified (frozen) jet, i.e. a nonejection event was captured. Comparing the A-and the Bimages shows a solely deformed jet, which is characterized by an partially contracted jet, resulting into the partial formation of a droplet at the tip of the jet. For slightly higher fluence levels, i.e. figures (c) -(e) the formation of an initially arbitrary deformed dome can be identified in the Aimage. At a later instance (B-images), this ejected dome contracted into a jet like feature, with a contracted droplet at the tip. At this point the ejection process seems to be dominated by the full melting and the resulting stress relaxation of the heated gold layer, similar to what has been reported for femtosecond LIFT of 60 nm gold layers [13] . Figures (f) -(g) show the ejection process at higher laser fluence levels. For fluence levels above 400 mJ/cm 2 the formation of a strongly deformed bubble is observed, see A-images. The rupture of these bubbles, from the donor layer, lead to an uncontrolled ejection process, which is characterized by an ejection of multiple droplets, as can be observed in the B-images.
Results and discussion 3.1 Fluence scan
In addition to the side view images, the coaxial images are presented. These images indicate the increasing crater diameter towards higher laser fluence values, which is related to the Gaussian beam distribution of the focused LIFT laser beam. Comparing the A-and B-images shows that the crater diameter decreases in time, indicating a reflow of material towards the symmetry axis. This unexpected observation may be caused by surface tension that contracts the liquid rim (crater edge) towards the center.
Further, in figures (f) and (g), the emission of broadband radiation is observed in both the coaxial view as well as the side-view images. This radiation can originate from laser-induced breakdown, i.e. the formation of plasma or from the emission of thermal radiation. However, the origin of the observed radiation has not been conclusively clarified yet, and will be subject of further research. Figure 3 shows the ejection process captured at a laser fluence level of 230 mJ/cm 2 . Figure 3 (a) shows a timeresolved image series that was chosen to give a qualitative impression of the ejection process. Beginning at 300 ns after the laser pulse, subsequently, the initially flat donor layer deforms into a liquid jet, which is still connected to the donor layer, i.e. to the melt pool that is generated from the absorbed laser pulse. At 600 ns, the jet reaches a critical length at which the surface tension leads to an instability of the liquid jet. As a result, a droplet is separated from the jet as observed at 800 ns. Here, the ejection speed was measured to be approximately 10 m/s.
Description of low fluence ejection
Since marginal differences in the initial conditions (film thickness, laser fluence) can strongly affect the jet break-up time, the amounts of ejected droplets vary even for a single laser fluence value. Figures 3 (b) -(d) show that experiments with identical input parameters result in (b) clean (59%), (c) multiple (41%) or (d) deflected ejections of either a single or multiple droplets. In contrast to prior observations, those deflected ejections do not propagate perpendicular to the donor layer, but were deflected up to an angle of θ=42.5°. Based on the analysis of 100 recorded ejection events, the median angle of deflection was measured to be 11.0°, with a standard deviation of 7.3°. We expect that asymmetry of the power density profile of the focused LIFT laser beam and/or irregular thickness of the donor layer has led to this nonzero angle. Although the cause of this deflection is not understood yet, the significant range of ejection angles suggests a strong influence on the control parameters, and would therefore be interesting to be studied in more detail. Figure 4 shows the number of droplets as a function of the laser fluence, based on 10 measurements for each fluence value. Increasing the laser fluence results in an increase of the averaged observed droplets, as well as an increase in the measured standard deviation. The percentage values refer to the cases in which at least one ejected droplet is observed. Due to the lack of sufficient data (20%) at the transfer threshold, the observation at 140 mJ/cm 2 does not show an error bar. However, it is clear that clean ejec-tion may be expected only for fluence values just above the threshold, as an increased fluence directly increases the number of ejected droplets.
Conclusion
An experimental study on the ejection regimes of nanosecond LIFT was presented. Two ejection regimes have been observed. For laser fluence values just above the transfer threshold of 140 mJ/cm 2 , the formation of a liquid gold jet and the subsequent formation and ejection of single and multiple droplets are shown. An increasing laser fluence increases the number of ejected droplets. For laser fluences above 400 mJ/cm 2 , the formation and rupture of a blistering bubble was observed. This regime is less suitable for controlled deposition, since multiple droplets are always ejected at angles that cannot be controlled as yet.
